A linear friction tester is used to test stud and rubber friction on ice. Studs are metallic objects inserted into tyre treads to improve winter tyre performance. Special small-scale rubber specimens, with and without studs, are used in this study.
Introduction
Winter driving conditions can be very demanding and diverse, and the winter season causes a significant reduction in pavement friction and increases the risk of accidents (Usman et al., 2010) . At worst, the road can be covered with a mixture of ice, snow and water; vehicle drivers face serious challenges under this type of road condition. These driving conditions also require a lot from tyres, which generate frictional forces that are needed to control the vehicle. In some countries, the most popular winter tyres for passenger cars are equipped with skid-resistant studs. These studs are usually metallic objects inserted into the tyre tread that contact the road as the tyre rotates. These studs are sometimes referred to as tyre spikes. Studs inserted in shoes can also help prevent pedestrian injuries (Gard and Lundborg, 2000; Berggård and Johansson, 2010) .
Full-vehicle testing of studded tyres in real winter conditions is very expensive and time consuming, and the time of year in which this testing can be performed is limited. Additionally, it is very difficult or nearly impossible to stabilise environmental conditions such as temperature and humidity even for few hours when working outdoors. To offer a different point of view and an alternate for outdoor testing, a linear friction tester is used in this study. This study presents experimental research about stud and rubber friction on ice under laboratory conditions. The ice is also manufactured under laboratory conditions. Special emphasis is given to developing testing processes and evaluating factors affecting testing.
Even though environmental variables are easier to control in a laboratory cold chamber compared with an outdoor proving ground, reproducible friction measurements cannot be obtained without careful experimental design. Consequently, understanding friction on ice qualitatively is required in order to obtain plausible experimental results. The theory of rubber friction was greatly advanced by Grosch (1963) , who proposed that friction arises from adhesion and deformation losses and that these losses are directly related to the viscoelastic properties of the rubber. New friction theorems (e.g., Persson, 2001 Persson, , 2006 Klüppel and Heinrich, 2008) and experimental devices are producing valuable information about basic frictional behaviour, which is yet to be fully explained or experimentally validated.
Research into friction on ice has a significantly shorter history than dry friction, and the complexity of ice as a material makes it challenging to investigate. The special features of ice friction are the result of fundamental physics and chemistry because in nature, the typical operating conditions are very close to the melting point of ice.
Usually, ice is experienced as a slippery material, and several explanations for the slipperiness of ice have been given throughout the history of ice research (Rosenberg, 2005; Kietzig et al., 2010a) . The earliest ice researchers found that there was a liquid-like layer on the surface of the ice (Faraday, 1859) . This observation attributed the slipperiness of the ice to a lubricating liquid layer caused by pressure-induced melting of the ice (Thomson, 1859; Reynolds, 1900) . However, in most cases, pressure-induced melting of the ice was not enough to explain the slipperiness and a new theorem of frictional heating was proposed by Bowden and Hughes (1939) . Current knowledge points to frictional heating and the liquid-like layer as the main reasons for the low sliding friction on ice.
A measured linear friction value does not directly indicate friction potential of a rolling tyre. The friction values measured in this paper are comparable to local contact spots in a tyre contact patch. The total frictional force of rolling tyre is the sum of distributed stress acting in the tyre contact patch. However, the vertical forces are selected to represent typical values found in typical passenger car tyres.
The aim of this paper is to present test methodology for linear friction tester. It is difficult to compare these results to actual rolling tyre friction coefficients without having similar control on ice surface temperature and roughness at the outdoor test track.
Linear friction tester: the mini-μ-road
The main principles used to measure rubber friction on this scale are linear movement, rotational movement or some combination of these two. In the case of linear movement measurements, the sample is moved on a surface in a straight line. In rotational devices, the sample rotates against a sliding surface. There are several variations of the rotational device, such as pin-on-disk, disc-on-disc or drum-type testers. One example of a combination type of friction tester is the British pendulum tester.
All of the friction testing methods have their advantages and disadvantages. Typically, rotational devices are criticised for their non-uniform velocity, and British pendulum testers do not have a defined contact pressure or decelerating sliding velocity. However, these devices do have the advantage of good performance and simplicity, which are the main disadvantages of linear movement devices.
The linear friction tester at Aalto University was built ten years ago and is called the mini-μ-road (MMR) (Vainikka, 2001; Vainikka et al., 2004) . The MMR is linear friction tester built in-house that was specifically designed for low-friction testing. There are only a few publicly known devices that have been built for a similar purpose (Ripka et al., 2009; Hofstetter et al., 2006) . Moldenhauer (2010) presents a good review of different devices used for this kind of sample size.
The MMR is equipped with a servo motor and a linear guide to produce a sliding movement that is limited to a total sliding distance of ~1 m and a speed of 2 m/s. The normal load is produced by a pneumatic cylinder and controlled by a digital pressure valve. During sliding, the frictional force and normal load are measured by two piezoelectric load cells. The entire system is controlled by a LabView programme, which provides precise data acquisition and control. The overview image of the MMR is presented in Figure 1 , and the technical specifications are in presented in Table 1 . Special small-scale rubber samples, with or without studs, can be measured using the MMR. The samples are typically 60 × 60 × 12 mm, and they are glued to an alloy base plate. The size of the sample can vary, especially if there is a need for a higher surface pressure. Three different stud patterns are tested in this study ( Figure 2 ). The rubber is a typical winter tyre compound, and there are several alternatives for stud protrusion and pin diameter. Several different sliding surfaces can be used with the MMR. In the context of this study, an ice surface that is manufactured on a glass plate is used. The ice surface is manufactured from several thin layers of water using a flooding technique. The flooding technique for ice manufacturing origins from the nature. Especially in spring time, the water pumps on top of ice cover on lake, river or sea. This water then freezes due to cold ice cover and therefore forms a thicker ice cover. Similar technique is often used in preparation of ice tracks for vehicle testing but the scale is just greater. In laboratory scale, ice is manufactured by adding water on a surface in very small portions and the water is freezing over the ice. In practice, it is not possible to add water in small enough portions and to avoid non-uniformities. Therefore, it is necessary to keep the water moving with a help of straight rubber spatula and let the water freeze from bottom-up. The water is added in eight similar size portions and the ice temperature is stabilised between the portions. The same person always prepares the ice.
The ambient temperature is critical in ice manufacturing process. In close to melting point temperatures, the freezing takes longer time and the crystal size becomes large. Low ambient temperatures (< -15°C) will cause the water to freeze rapidly and resulting surface is rough and therefore not ideal for repeatable measurements. All ice plates in this work have been manufactured in -10°C with +5…+8°C purified water. A very smooth ice surface, sometimes referred to as optical ice, with a small crystal size is achieved using this method. The area of ice is 1 × 0.5 m with a thickness of ~2 mm.
Different sliding distances has been tested. All of the results presented in this paper are measured with a 0.28 m sliding distance, because the sliding velocity and friction coefficient have enough time to reach steady state values in all considered test conditions. A drawback of longer sliding distance would naturally be larger space requirement and less repetitions could be performed on one ice plate. Therefore, one ice plate can be divided into three longitudinal test sets, which each consist of seven ice lanes. This results in 21 individual ice lanes on each ice plate. Several ice plates have to be manufactured for testing because each ice lane can be used only once. A high number of individual runs per ice plate and the possibility of having several ice plates are important factors for ensuring reproducibility and reliability of the measurements. The schematic of the ice plate that is used in the MMR testing is shown in Figure 3 . In typical friction testing with the MMR, the sliding and the measurements start from a standstill as the target normal load is reached (Figure 4) . Mean values for the coefficient of friction are calculated from the constant sliding velocity section. Therefore, elimination of the force caused by inertia during acceleration and deceleration is not required. Because of acceleration and inertia, the peak friction force cannot be referred to as the static friction force, even though it is the point at which the sample begins sliding. Unlike common steel, plastic and polyurethane cold chambers, the MMR is located in a cold chamber with a massive wall structure. The walls are covered with bricks, and the chamber has a concrete floor to help reduce temperature oscillations. The cooling is indirect, with a fan running continuously at a constant speed (another common option for cooling is direct evaporation with the fans operating periodically). 
Test methodology for stud friction testing
A systematic method and procedure is needed to obtain repeatable and reliable measurements. The main point of our procedure is to obtain plausible stud friction results on the ice plates. The test procedure is shown in Figure 5 ; the coefficient of friction (μ) is shown as a function of sweep repetition and time. This procedure is used in all of the friction measurements presented in this paper. The number of sweeps and the timing are important parameters for measurement reproducibility.
The procedure for friction testing the studded rubber samples consists of the following:
• reference sweeps conducted with a non-studded sample
• a waiting period before testing the studded sample
• studded test sweep (the actual result).
Reference sweeps are needed to control the surface roughness of the ice. By using reference test sweeps, the uppermost layer of the ice is melted because of frictional heat. This produces a regular ice surface that can be compared between different ice lanes. A thermal camera is used to estimate the temperature of the non-studded sample after each test sweep (Figure 6 ). Based on the results of the thermal images, 20 test sweeps are performed before a studded sample is tested. This is a compromise between repeatability, cost-effectiveness and feasibility. The reference sample temperature has to be approximately the same before starting each reference sweep series. Because the reference sweeps increase the temperature of the ice, it is necessary to let the ice cool down to ambient temperature. In addition, it is extremely important that the ice temperature be equal for all test sweeps. To achieve this, a programmed waiting period of 5 minutes is added to the test procedure. During this waiting period, the non-studded sample is replaced by a studded sample. After the studded test sweep, the samples are again replaced, and a new ice lane is used for the next test repetition.
Results

The influence of ambient temperature and stud properties
The ambient temperature is known to have a significant role on ice friction (e.g., Oksanen and Keinonen, 1982; Kietzig et al., 2010b; Higgins et al., 2008) . The influence of ambient temperature is shown in Figure 7 ; the temperature scale ranges from -10°C to -3°C. The measurements are carried out with sliding velocity of 500 mm/s and load of 900 N. The measurement is repeated 18 times for the two studded specimen and six times for all the other specimens. The results from the friction measurements show that the effect of ambient temperature on frictional coefficient of the studded rubber samples is linear. Typically, increasing the number of studs indicates of higher coefficient of friction. However, the measurements show that in -10°C ambient temperature the one and two studded samples have the same performance level [ Figure 7(a) ]. The sample with two studs is performing better than the one studded sample as the temperature increases. This can be explained by the highly temperature dependent hardness of the ice. In cold temperatures, the ice is hard enough that the stud is barely penetrating to the ice. In addition, it is worth to remember that also the rubber below the stud is becoming stiffer as temperature decreases. A stud diameter has also an influence on frictional behaviour [Figure 7(c) ]: an increase in the stud protrusion maximises the coefficient of friction at low temperatures (-10°C). Closer to the melting point, there is no significant difference between 1.5 mm and 1.2 mm stud protrusion, or at least the difference was very small in these tests. This is of interest, because traffic safety impact of studded tyres is considered to be most significant close to the melting point temperatures.
It is also noticeable that in these measurements, the diameter of the stud pin tip does not influence overall friction [Figure 7(b) ]. In theory, a larger stud pin diameter increases the frontal face of the stud pin and should, therefore, increase the frictional force produced by the stud. However, increasing stud pin diameter also increases the penetrating area (even more than the frontal area), which reduces the penetration of the stud into the ice. This is especially true when the ice is cold and hard as opposed to close to the melting point when the ice is softer. An increase in the stud pin diameter has both advantages and disadvantages, but the differences are not large enough to be measured with the MMR. However, it is clear that increasing the stud pin diameter decreases the mean stud pressure against the surface. This might have a positive influence on road wear and particle emissions without compromising traffic safety in icy conditions.
Influence of load and sliding velocity
The friction map for different loads and sliding velocities demonstrates that these parameters are highly influential on the overall friction (Figure 8 ). In principle, the friction level decreases with increases in both the sliding velocity and the normal load. Therefore, these parameters need to be controlled, and their effects should be noted. These measurements are carried out in -5°C ambient temperature.
The differences between the number of studs compared with a flat rubber sample can be seen as well. For a high load at a high speed, there is a noticeable difference between the tests with different numbers of studs. The friction level increases as more studs are added; the flat rubber sample produces the least friction of all of the samples. The same behaviour can be seen for other the sliding velocities at the highest load. In addition, the general friction level increases as the sliding velocity decreases.
A slow sliding velocity and a low load provide the highest friction level, but the relative difference between the samples is equal or even reversed. This can be explained by the increase of the rubber friction and a reduction of the friction force produced by the studs. Because of this, non-studded and samples with one and two studs produce roughly the same friction level at low load and velocity.
Rather large measurement matrix and time consuming preparation for testing is limiting the amount of repetitions for each measurement point in the Figure 8 . Therefore, the experimental result for each point of the matrix consists of two to four individual measurements (yet it took a week to measure data for only this particular figure) . Thus, Figure 8 and presented results are one realisation of the frictional behaviour of studded rubber samples in variable testing conditions. The uncertainty of the data should be considered with high error limits. 
High-speed imaging of stud behaviour in contact with ice
Modern imaging tools provide additional information about the friction process that results from studded rubber samples sliding on ice. In this work, a high-speed camera is used in conjunction with the MMR. The frictional force data and the high-speed images can be synced, and thermal images can be used to evaluate the frictional heating at the end of the sliding test. Figure 9 A sample image from the high-speed video of a studded sample pressing against the ice Notes: There is ice and glass between the camera and the sample. The rubber is barely in contact with the ice because the sample is being pressed down and is in motion.
The cutting and crushing interaction of the stud and the ice are investigated with a highspeed camera that films the contact area between the sample and the ice. This is made possible by using a glass plate as the base surface for the transparent ice. The high-speed camera used is the Photron Fastcam SA3 120K, and the pictures are taken at 2,000 frames per second (fps). In Figure 9 , an example snapshot from the high-speed video is shown, and the parts are labelled. This high-speed video represents a situation in which the sample is moving with a constant speed of 500 mm/s and the sample is pressed down during the movement. As the sample is pressed down, one of the studs contacts the ice. This leads to an increase in the measured normal load and frictional force. At this point, the studs are supporting the entire normal load, but the rubber also comes into the contact with the ice as the normal load increases to a level at which the studs penetrate into the ice. However, Figure 9 shows a situation in which the rubber sample is not yet in contact with the ice and loose ice particles are moving freely between the rubber and ice. Post-processing of the high-speed videos is used to illustrate the movement of the loose ice particles that are cut by the studs. For this analysis, particle image velocimetry (PIV) is used to calculate the velocity vector field of a series of images in time. The vector field presentation (Figure 10) shows the direction and relative speed of the ice particles as white arrows. It can be seen that at the front of the stud, the ice particles are moving in the direction of the sliding. On the sides and on the trailing edge, the particles are travelling in the direction opposite to the sample movement.
Thermal imaging of the frictional heat from a studded sample
Thermal imaging is a useful tool to illustrate how frictional heating causes a temperature increase in the sample. For this analysis, an FLIR SC660 thermal camera is installed on the MMR so that it takes an infrared picture after a test run. Thermal imaging of the sliding sample on the ice was not possible because the glass and the ice are opaque in the infrared light spectrum. The thermal images can be used for qualitative analysis, but the specific temperature values should be treated as possibly having high errors. A thermal image (Figure 11 ) of a sample with two studs shows that the rubber around the studs is heated more than the rubber in general. Because there are no loose ice particles around the studs, there are two main reasons for the higher temperature: the rubber around the stud is undergoing a higher deformation because of the stud movement, and ice particles have collected around the stud. Therefore, high-pressure peaks are created. The frictional heating of the rest of the rubber is minimal but measurable by comparing the thermal images from before and after testing. As the test is repeated several times, the effect of the frictional heating becomes more evident.
The stud creates a groove in the ice as the sample slides and ice particles pile up on the sides of the groove. The groove itself produces high-pressure peaks on the sliding rubber because some of the loose ice particles build up in the walls of the grooves. These pressure peaks can be seen as heat trails along the trailing edge of the rubber sample ( Figure 11 ). 
Conclusions
The testing methodologies developed in this study can be used for friction research as well as for the evaluation of various parameters and environmental variables. In addition, laboratory testing offers a cost effective alternative to proving-ground testing and can provide a testbed for new ideas. The development of laboratory testing devices and methodologies provides tools for verification of simulation models. We would like to emphasise the importance of the detailed description of the test methodology when publishing ice friction results. This means that the measurement process itself must be explained in detail. For example, the waiting period between test runs and the preconditioning of the ice surface are crucial parameters in ice friction measurements as the results from our reference sample measurements illustrate.
High-speed photography makes it possible to capture fast phenomena that a human eye cannot detect. Additionally, it is possible to numerically evaluate particle flow from a series of images. It is clear that such a methodology should be further developed in the future.
Because of the importance of temperature for rubber and ice friction, infrared cameras have demonstrated their potential usefulness in evaluating the frictional heating caused by sliding. Specifically, we showed how the temperature of the sample after a test run correlates very well with the frictional coefficient.
